evolutionary adaptation to aid the changing biological requirements of the calf's immune system and its ever-developing gut microbiota.
Studies have shown that bovine IgG can assist in the prevention of human enteric diseases caused by rotavirus, Escherichia coli, Cryptosporidium spp., and Shigella flexneri (Hurley & Theil, 2011) . In humans, dietary IgG uptake in humans occurs when its Fc portions bind to FcRn in the intestinal lumen where it is assimilated by the lamina propria which triggers a local mucosal immune response that augments immune surveillance and defense of the mucosal lining.
Glycosylation changes of major human milk components including IgG, lactoferrin (hLF), and bovine milk fat globule membrane (MFGM) have been observed over the course of lactation (Barboza et al., 2012; Bondt et al., 2014; Lauc et al., 2013; Wilson et al., 2008) . The alteration in total milk protein glycosylation throughout lactation has been largely attributed to qualitative and quantitative N-linked glycosylation changes of IgG, which is the main immunoglobulin found in colostrum (Takimori et al., 2011) .
Bovine IgG oligosaccharides have been reported to contain fucose (Fuc), galactose (Gal), and mannose (Man) structures in addition to sialic acids (N-glycolylneuraminic acid (Neu5Gc) and N-acetylneuraminic acid (Neu5Ac)) and variations in the glycosylation of total bovine milk glycoproteins (with an emphasis on IgG) during early lactation (day 1 and weeks 1-4) have recently been reported (Takimori et al., 2011) .
Bovine colostrum IgG has a particularly high sialic acid content with milk samples from day 1 post partum reported to have the highest Neu5Gc:Neu5Ac ratio, with a gradual decline in Neu5Gc concentration observed at later time points (Takimori et al., 2011) . IgG α-(2→6)-linked sialylation is associated with decreased inflammation following Fc receptor binding (Marth & Grewal, 2008) . Sialic acid on other milk glycoproteins is thought to play important roles in binding E. coli and Salmonella enteritidis (Feeney, Ryan, Kilcoyne, Joshi, & Hickey, 2017; Nakajima et al., 2005) , promoting the growth of the bifidobacteria strains such as Bifidobacterium breve, B. bifidum, and B. infantis (Idota, Kawakami, & Nakajima, 1994) , preventing Helicobacter pylori colonization (Wang et al., 2007) , inhibiting haemagglutination by the influenza virus (Kawasaki et al., 1993) , and promoting calcium-binding properties (Jaques, Brown, Barrett, Brey, & Weltner, 1977) .
The current study focuses on IgG glycosylation over the first 10 days post partum since it is during this period that IgG is most abundant and critical for newborn immunity. Soluble IgG was isolated from milk samples pooled from three cows at four time points using a scaled-down, optimized affinity liquid chromatographybased method. Lectin microarrays were used to profile the temporal glycosylation changes of IgG which was accompanied by chromatographic monosaccharide analysis.
| MATERIAL S AND ME THODS

| Materials
The Sartobind ® S SingleSep nano 1 ml capsules were from Sartorius Stedim Biotech (Göttingen, Germany). Protein G columns (5 ml, catalogue no. 17-0405-01) were from GE Healthcare Bio-Sciences AB (UK 
Neu5Ac and Neu5Gc were supplied by Sigma-Aldrich Co. (Dublin, Ireland). Bradford reagent and IgG standard were supplied by SigmaAldrich Co. All other reagents were supplied by Sigma-Aldrich Co.
and were of the highest grade available.
| Sample collection
Morning milk was collected daily from three Holstein-Friesian cows at Teagasc Research Centre, Moorepark, Fermoy, Co. Cork, Ireland. Samples were collected from each animal at days 1, 2, 3, and 10 post parturition and were pooled at the same time point.
Whole milk samples were defatted using an FT15 disk bowl centrifuge (Armfield Ltd., Ringwood, UK) which separated the cream from the milk. Samples were lyophilized and stored in a desiccator at 4°C until further use.
| IgG isolation
Soluble IgG was isolated from pooled skimmed bovine milk at four time points over the first 10 days of lactation using a 5 ml Protein G column using conditions similar to the manufacturer's instructions. In brief, bovine skimmed milk powder was suspended in 20 mm phosphate buffer (pH 7.0) to give a concentration of 10 mg/ml which was loaded on to the column at 5 ml/min. The column was washed with 20 mm phosphate buffer for 10 column volumes (CV), and then the bound IgG was eluted with 5 CV of 100 mm glycine-HCl (pH 2.7) at 5 ml/ min. The recovered IgG fraction was neutralized with 1 m Tris-HCl (pH 7.6). The IgG fractions were concentrated and buffer exchanged into distilled water using a 100 kDa MWCO centrifugal ultrafiltration unit.
IgG samples were then lyophilized to dryness and stored at 4°C until further use.
| Size exclusion chromatography and SDS-PAGE analysis
The purity of IgG samples was assessed using size exclusion highperformance liquid chromatography (SE-HPLC) and SDS-PAGE as previously described O'Riordan, Gerlach, et al., 2014) . In brief, SE-HPLC was performed using a TSKGel column (G3000SW, Tosoh Biosciences LLC, Tokyo, Japan) eluted with 25 mm NaH 2 PO 4 and 100 mm Na 2 SO 4 , pH 7.0.
Immunoglobulin G samples were electrophoresed using pre cast 4%-12% Bis-Tris gels. All samples were diluted 1:10 with LDS sample buffer, and 5 μg IgG was loaded into each well. A molecular mass ladder and an IgG standard were run alongside the purified IgG samples. Gels were resolved at 200 V constant and variable current for 50 min using MOPS buffer in the inner chamber and MOPS buffer containing 0.25% antioxidant was used in the outer chamber. Protein bands were visualized within the gels using Coomassie-based SafeStain following the manufacturer's procedure.
| Fluorescent labeling of IgG and glycoproteins
Immunoglobulin G samples and the bovine asialofetuin (ASF) standard were labeled with AF647 (λ ex 650 nm, λ em 665 nm) in 100 mm sodium bicarbonate, pH 8.3, in the dark as previously described . Briefly, 1 mg of AF647 was dissolved in 100 μl DMSO, and 10 μl of the dissolved dye was added to 500 μl of IgG sample (2 mg/ml in 100 mm sodium bicarbonate, pH 8.3) and incubated for 1 hr in the dark at room temperature. Labeled
IgG was then separated from unconjugated dye in phosphatebuffered saline (PBS; 10 mm sodium phosphate, 137 mm NaCl, 2.7 mm KCl, 2 mm KH 2 PO 4 , pH 7.4) using a 3 kDa MWCO centrifugal filter. Labeled IgG samples were quantified for protein content and substitution according to manufacturer's instructions. Samples were stored in the dark at 4°C until further use.
| Construction and incubation of lectin microarrays
A panel of 48 lectins was prepared at a concentration of 0.5 mg/ ml in PBS, pH 7.4, supplemented with 1 mm of the appropriate haptenic sugar (Table S1 ). Lectins were printed at approximately 1 nl per feature on Nexterion ® Slide H microarray slides using a sciFL-EXARRAYER S3 piezoelectric printer (Scienion AG, Berlin, Germany)
as previously described . The lectins were maintained at 10°C in a 62% relative humidity environment during printing. Each microarray slide contained eight replicate subarrays, with each lectin spotted in replicates of six per subarray. To ensure complete conjugation, these slides were then incubated in a humidity chamber overnight at room temperature. Residual functional groups were deactivated by incubation in 100 mm ethanolamine in 50 mm sodium borate, pH 8.0, for 1 hr at room temperature. Each slide was washed with PBS, pH 7.4, containing 0.05% Tween ® -20
(PBS-T) three times for 3 min per wash, once with PBS, centrifuged dry (450 × g, 5 min) and stored at 4°C with desiccant until use.
Prior to use, the lectin microarray slides were allowed to equili- diluted sample (0.5 and 1.0 μg/ml for sets 1 and 2, respectively) was applied to each well of the microarray and incubated in the dark (1 hr, 23°C, 4 rpm) as previously described O'Riordan, Gerlach, et al., 2014) . Following incubation, microarrays were washed twice in TBS-T and once in TBS for 3 min each wash. Finally, microarrays were dried by centrifugation and imaged in an Agilent G2505B (Agilent Technologies) microarray scanner using the Cy5 channel (633 nm excitation, 80% PMT, 5 μm/ pixel resolution).
| Data extraction
Microarray data extraction was performed as previously described . In 
| Monosaccharide analysis
One mg IgG from each time point was hydrolyzed in 0.1 m HCl at 80°C for 1 hr to release the sialic acids (Gallagher, Morris, & Dexter, 1985) . Water and bovine fetuin were hydrolyzed for background subtractions and positive hydrolysis controls, respectively.
Sialic acid content was quantified by high pH anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) on an ICS3000 system fitted with an electrochemical detector (Dionex, Sunnyvale, CA, USA). Elution points and quantities were established by running Neu5Ac and Neu5Gc standards under the following conditions. Briefly, 25 μl of each reconstituted sample was injected onto a CarboPac PA20 column (3 × 150 mm, Dionex) fitted with an amino trap column (3 × 30 mm) at a flow rate of 0.35 ml/min. Eluent A was 100 mm NaOH, and eluent B was 100 mm NaOH with 500 mm sodium acetate. Separation of Neu5Ac and Neu5Gc was achieved by gradient elution (0-10 min, 14%-60% eluent B) and finally a wash step at 60% eluent B for 1 min. Samples were injected in triplicate, and Neu5Ac and Neu5Gc were quantified referencing the standard curve. The column was re-equilibrated at 14% eluent B for 6 min.
Neutral and N-acetylated sugars were hydrolyzed and analyzed following a previously described method (Kilcoyne, Gerlach, Gough et al., 2012; 
| RE SULTS
| Purification of IgG from bovine milk
After pooling by day, similar to commercial milk processing procedures, IgG was isolated from the skimmed milk samples collected from three cows from days 1, 2, 3, and 10 post parturition. The average IgG yield was highest at day 1 (12 mg/ml) post partum but steadily decreased by days 2 (7 mg/ml) and 3 (4 mg/ml) before decreasing further by day 10 (0.5 mg/ml) ( Figure 1a and also Figure S1 ). The purity of each IgG fraction eluted from the Protein G column was observed to be very high by reducing SDS-PAGE (Figure 1b ) with bands at approximately 50 kDa (reduced heavy chain) and 25 kDa (reduced light chain).
| Lectin microarray profiling of IgG glycosylation
Following fluorescent labeling of the purified IgG samples from each time point, glycosylation was profiled by lectin microarray consisting of a panel of 48 immobilized lectins with previously established binding specificities (major carbohydrate structures reported to be preferential binding partners for each are included in Table S1 ). By titration, two concentrations were selected such that the response at each of the lectins was inside the dynamic range of the lectin microarray scanner (0-65,000 RFU, approx.). Each of the four fluorescently labeled samples was then profiled at the optimal concentrations in triplicate. Importantly, lectin microarray profiling performed at two different concentrations reinforced that the data were not generally influenced by loading concentration and that the results were highly reproducible (Figure 2a,b) . A representative microarray image ( Figure S2 ) is included in the Data S1.
At both loading concentrations tested, the bovine IgG samples 
| Monosaccharide analysis
The monosaccharide composition of each IgG sample at each time point was assessed using HPAEC-PAD which showed that IgG oligosaccharides are mainly composed of Man, Gal, GlcNAc, and Fuc (Table 1) . Glc is not an expected component of mammalian N-linked oligosaccharides on secreted proteins; however, Glc was observed at extremely low levels relative to Man and this was most likely introduced during the gel filtration steps used during the IgG purification or through airborne cellulose materials (e.g., paper fibers) during sample processing. 
| D ISCUSS I ON
The lectin and monosaccharide analysis results in this study reflect reports (Takimori et al., 2011 ). This observation is further supported by interaction with DSA, which has an affinity for GlcNAc residues, F I G U R E 3 Unsupervised hierarchical clustering of the normalized lectin microarray responses for IgG from days 1, 2, 3, and 10 pooled milk samples (totaling 36 replicates, "B" indicates additional technical replicates of each sample compared on one single microarray). All data subjected to total intensity mean normalization prior to 2-dimensional clustering using the average linkage, Euclidean distance method. Blue box at right indicates the cluster of day 10 profiles (6 out of 8 replicates) which demonstrated 56% minimum similarity to the balance of the samples with this clustering method. Day 1, n = 10; Day 2, n = 10; Day 3, n = 8; Day 10, n = 8). "Empty" represents the unprinted microarray slide surface, "PBS" buffer only, and "BSA" is bovine serum albumin PHA-E and the lack of significant interaction with PHA-L indicated that the N-linked structures on the IgG samples were most likely biantennary and may also support the presence of bisecting GlcNAc.
All samples displayed low-intensity binding at SNA-II which suggested a low presence of terminal GalNAc and/or low presence of
SNA-II binding intensity was lowest for day 10 which was opposite It has previously been demonstrated that total sialylation decreases during the transition from bovine colostrum to mature milk and it has been suggested that sialic acid has an important role as part of IgG postpartum and may have immune or inflammatory effects (Takimori et al., 2011) . This study shows that bovine IgG sialylation decreases subtly as lactation progresses across the first 3 days, but is markedly decreased by day 10. This decrease in sialic acid content could potentially be associated with a shift from di-sialylated oligosaccharides in colostrum to mono-sialylated glycans in later lactation. Sialic acid is important stabilizer of glycoproteins due to its calcium-binding abilities which, in turn, affects glycoprotein antibacterial activities (Rossi et al., 2002) . Bifidogenic activities have been attributed to Neu5Ac, so it may give IgG a prebiotic function (Idota et al., 1994) . Similarly, developmental functions, including cognitive development and enhanced learning during early development in pig trials, have been associated with the consumption of protein-bound sialic acids (Wang et al., 2007) . 
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